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Summary.  To  determine  the  effects  of  acute  heat 
stress,  heat  acclimation  and  hypohydration  on  the 
gastric  emptying  rate  of  water  (W)  during  tread¬ 
mill  exercise,  ten  physically  fit  men  ingested 
400  ml  of  W  before  each  of  three  15  min  bouts  of 

exercise  (treadmill.  ~50".>  Tw. . )  on  five  seperate 

occasions.  Stomach  contents  were  aspirated  after 
each  exercise  bout.  Before  heat  acclimation 
(ACC),  experiments  were  performed  in  a  neutral 
(IX  C  ).  hot  (49'C)  and  warm  (3 5 ° C )  environ¬ 
ment.  Subjects  were  euhydrated  for  all  experi¬ 
ments  before  AC  C  . 'After  ACC,  the  subjects  com¬ 
pleted  two  more  experiments  in  the  warm  (35  C) 
environment:  one  while  euhydrated  and  a  final 
one  while  hypohydrated  (  —  5""  of  body  weight). 
The  volume  of  ingested  water  emptied  into  the  in¬ 
testines  at  the  completion  of  each  exercise  bout 
was  inversely  correlated  (P< 0.01 )  with  the  rectal 
temperature  ( r —  —0.76).  The  following  new  ob¬ 
servations  were  made:  I)  exercise  in  a  hot  (49°C) 
environment  impairs  gastric  emptying  rate  as 
compared  with  a  neutral  (18  C)  environment,  2) 
exercise  in  a  warm  (35  C)  environment  does  not 
significantly  reduce  gastric  emptying  before  or 
after  heat  acclimation,  but  3)  exercise  in  a  warm 
environment  (35  C)  when  hypohydrated  reduces 
gastric  emptying  rate  and  stomach  secretions.  Re¬ 
ductions  in  gastric  emptying  appear  to  be  related 
to  the  severity  of  the  thermal  strain  induced  by  an 
exercise  heat  stress. 

Key  words:  Thermal  strain  Heat  acclimation 
Treadmill  exercise  fluid  replacement  -  Sto¬ 
mach  secretions  -  < 
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Introduction 

During  exercise,  core  temperature  increases  in 
proportion  to  the  metabolic  rate  of  the  activity 
(Neilsen  I93X).  In  order  to  minimize  the  rise  in 
core  temperature,  skin  blood  flow  increases  and 
sweat  is  secreted  to  dissipate  the  metaboiically  re¬ 
leased  heat.  During  prolonged  exercise  in  a  hot 
environment,  sweat  rate  (and  thus  body  water 
loss)  can  exceed  1.0  l  m  :-h  1  (Adolf  1947: 
C'ostill  et  al.  1970).  If  not  adequately  replaced  by 
fluid  ingestion,  this  body  water  deficit  will  result 
in  an  increase  in  both  thermal  and  cardiovascular 
strain,  thereby  reducing  heat  loss  and  exercise 
performance  (Sawka  et  al.  1984a). 

It  has  generally  been  assumed  that  fluid  in¬ 
gested  during  exercise/heat  stress  will  be  readily 
absorbed  by  the  gut.  In  a  recent  study  however. 
Owen  et  al.  ( 1986)  found  an  increase  in  the  gastric 
residue  recovered  following  treadmill  exercise 
performed  in  a  warm  [35 'C.  20" <i- 50" >•  relative  hu¬ 
midity  (r.h.)]  as  compared  with  a  neutral  (25  C. 
20" r,  50";.  r.h.)  environment.  Although  gastric 
emptying  was  assessed  from  only  a  single  residue 
obtained  immediately  following  2  h  of  exercise 
and  fluid  ingestion,  these  findings  do  suggest  that 
acute  exercise/ heat  stress  may  reduce  gastric 
emptying,  possibly  limiting  fluid  replacement. 

It  is  well  established  that  heat  acclimation  re¬ 
duces  the  thermal  and  cardiovascular  strain  asso¬ 
ciated  with  a  given  exercise-heat  stress  (Rowell 
198.3).  This  raises  the  question  that,  if  acute  exer¬ 
cise/heat  stress  reduces  gastric  emptying,  does 
heat  acclimation  attenuate  this  reduction?  In  con¬ 
trast,  the  thermoregulatory  advantages  associated 
with  heat  acclimation  are  compromised  in  indi¬ 
viduals  performing  exercise  in  the  heat  when  hy¬ 
pohydrated  as  compared  with  euhydrated  (Sawka 
et  al.  19X3).  Both  the  separate  and  combined  ef- 
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lv.vt-  of  heat  acclimation  and  In  poln draiion  on 
the  gastric*  emptying  rate  of  water  in  individuals 
performing  exercise  in  the  heat  ha\e  not  been  pre- 
vioiislv  addressed. 

I  lie  purpose  of  the  present  study  was  to  exam¬ 
ine  the  influence  of  exercise  heal  stress  on  the 
gastric  emptying  rate  of  water  in  tinaeclimated. 
heat  acclimated  and  hypohvdrated  subjects.  We 
hypothesized  that,  compared  with  exercise  in  a 
neutral  environment  (IS  C  ).  acute  heat  stress 
(both  ,'s  and  40  C  )  would  reduce  gastric  empty¬ 
ing  while  heat  acclimation  would  attenuate  this 
reduction.  further.  we  hypothesized  that  the  ad¬ 
ded  thermoregulatory  strain  associated  with  hy- 
polmlraiion  would  impair  gastric  emptying  dur¬ 
ing  an  exercise  heat  stress  as  compared  with  eu- 
in dialed  conditions.  I  he  findings  of  this  study 
have  direct  implications  for  hydration  and  rehy- 
dration  procedures  to  be  employed  by  athletes, 
workers  and  military  personnel  engaged  in  physi¬ 
cal  aetiv  ity . 


Methods 

SkIvi  ■.  r  I  ’.*ii  men  volunteered  lor  ifiis  study  alter  being  in 
toruicd  m'  tile  recpairemeiHs  ami  possible  risks  assoei.ued  with 
ibis  research.  One  week  before  experimental  testing,  each  siib- 
jeel  s  ni.ixini.il  oxygen  uptake  (I,,  I  was  determined  from  a 
progressive  treadmill  test  iSawka  el  al  I0S4.0.  In  addition, 
nude  bodx  mass  was  obtained  every  morning  throughout  the 
s|uil>  Mean  body  mass  was  Used  (o  eslahlisli  base-line  data 
dial  represented  euhydr.ition  lor  each  subject,  file  characteris¬ 
tics  oilcan  -  Si  i  of  I  lie  subjects  were  age  I1*..'  +  U.4  \r.  Iieiglil 
I"  “'ll  •  o.2’’  m.  mass  Mi.  |  *  1.4  kg.  and  I,,  57  9  -fti.x 

mi  ke  min  Tile  study  was  conducted  in  Natick.  Mass.. 
I  tom  I .iic  Xlurdi  lo  early  Xl.iy  in  order  io  minimize  any  effects 
n|  not  u  in  I  heal  .ieelini.ui/.ition. 

/  !/>t  nm,nim  i/ewt/n  XII  experiments  wore  completed  follow¬ 
ing  a  12  In  li  overnight  fast  I  pon  reporting  to  the  test  chant- 
(iei.  i tie-  siibieets  were  inuihaied  with  a  number  14  french.  I.e- 
vine  gastric  lube  llirough  the  nasal  passage  bach  subject  in- 
ge.ied  2oo  -no  till  of  water  to  facilitate  the  intubation  proce¬ 
dure  and  to  aid  ill  I  he  'ubses|uenl  removal  of  the  tasting  gust 
in  residue.  Once  intubated,  the  siibieets  completed  a  It)  min 
w  arm  up  treadmill  run  1 2. Ms  m  mill  .  0  graitel  t  his  proce¬ 
dure  has  previously  proven  elleelive  in  eliminating  any  reilue 
lion  ”i  the  inti! a1  gjsinc  t’mplvmg  rale  ih.ii  may  occur  due  Io 
an  overnight  Lot  or  lack  of  plwsic.il  aelixity  (Neuter  et  al. 
Instil.  Viter  (lie  vv.itm  up  exercise,  stomach  contents  were  re¬ 
moved  via  .ispirafion  with  a  s  r  r  (J1  j  svringc.  I  he  nasogastric 
lube  was  unwed  systematically  within  the  stomach  during  ai- 
pir.ilion  io  insure  complete  evacu.ilion  of  Ihc  g.isirie  residue. 

W  uci  served  a-  ihc  rest  <lnnk  hit  .<]]  trials  Hit*  drinks 
wcie  administered  void  al  -  '  (  .uni  contained  2'  mg  I  of 
phenol  red.  a  mm. ihsorhahle  marker  tSchedl  l9Mi).  I  lie  design 
lot  all  experiments  was  the*  same.  Vfter  completing  the  warm 
•  ip  exercise,  tile*  subjects  ingested  4nnml  ol  water  and  per 

bitni-d  I  s  mm  nl  tieailmill  exercise  l  ~  so  |,  l  limneili- 

.itelv  I’n. I  evefeise.  e  isirie  conlenls  were  aspirated.  V  seeoiul 
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ton  ml  ol  wale:  was  then  mgeslcil  and  I  tic*  process  lepealed 
w  ilh  each  siibiccl  eomplelmg  a  total  ol  ihree  U  mill  cxcitisc 
bonis  per  expenmenl  li  is  important  lo  note  that  there  is  con¬ 
siderable  intcrindividu.il  variation  in  ga-.tric  emptying.  How¬ 
ever.  the  reliabilitv  ol  this  method  lor  repealed  measures 
vvuhin  the  same  individual  has  previously  been  reported  i(  os 
till  and  Saliin  l‘>’4i.  In  adthlion.  the  reliability  eoefl icient  lor 
lo  siibiecls  m  the  /livseni  siujv  performing  4  itlenlieal  gastric 
emptying  trials  (2.0.x  m  ■  s  .  0  grade.  lx  (I  was  (IXx  Dur¬ 
ing  all  experiments,  reelal  temper. mire  was  monitored  via  a 
thermistor  inserted  ion  mm  beyond  i he  anal  sphincter.  If  rec¬ 
tal  temperature  exceeded  .'0.5  (  at  any  time  during  the  ex¬ 
periments  anti  or  acclimation  sessions  (described  below  i.  lesi- 
ing  ofihat  subjcci  was  tlisconl muetl  lor  the  day  anti  llu*  sub- 
jccl  was  removed  to  a  cool  environment.  Heart  rale  < /*>  min  i 
was  obiaiuetl  via  ratlioielemetrv  anti  reeordetl  during  the  Mli 
and  loth  min  of  each  15  min  exercise  bout-  VII  g.isirie  empiv¬ 
ing  experiments  were  separated  by  at  least  one  day  ol  rest. 

I  ach  subject  completed  five  experiments  Our  primary  in¬ 
tent  was  io  elicit  a  gradation  in  the  degree  of  thermal  sirair. 
experienced  by  the  subjects  during  each  of  the  experiments. 
Before  acclimation,  the  subjects  completed  three  experiments; 
one  experiment  ( N  l  Ni  in  a  neutral  environment  (IS  (  .  2u 
r.h.i.  a  second  experiment  ill  l  N)  in  a  hot  environment 
|49  (  .  20*  r.h.i.  and  a  third  experiment  iW-l  Ni  in  a  warm 
environment  (55  t  .  20  rb  i.  |  lie  subjects  were  euhvdrated 
lor  all  experiments  performed  before  beat  acclimation.  Alter 
acclimation,  the  subjects  completed  two  more  experiments  in 
the  warm  environment  i55  C  .  2n  r.h.i;  one  experiment  i  V\ 
\(  Ci  while  euhvdrated.  and  a  final  experiment  iHV-AC  t  i 
while  liy  polls dralcd  by  5  of  body  weight.  Due  to  the  severity 
of  the  heal  stress  during  experiment  II  I  N.  only  ~  of  the  l<< 
suhjeets  were  able  to  complete  two  of  the  three  exercise  bouts 
before  achieving  a  reelal  temperature  of  59.5  C  No  subject 
completed  the  third  exercise  bout.  In  addition,  seveial  subjects 
complained  of  severe  gastric  distress.  In  view  of  these  re¬ 
sponses.  no  experiments  were  performed  in  the  hot  environ¬ 
ment  (49  t.  .  20  r.h.i  after  heat  acclimation. 

The  heat  acclimation  program  consisted  of  two  50  nun 
treadmill  exercise  I  -  50"  I ,,  )  bouts  in  the  heat  |40  (  .20 

•  .it. r  separated  bv  10  umi  m  test  Itu  7  cuiisecuove  days  During 
the  acclimation  sessions,  rectal  temperaiuie  and  HR  were 
monitored  continuously.  The  subjects  wore  gym  shorts.  I- 
shirts.  and  tennis  shoes  during  all  testing. 

Approximately  24  h  before  the  hypohydration  experi¬ 
ments  i  fl  Y  A(  (  i.  the  suhjeets  voluntarily  restricted  their  food 
and  fluid  consumption.  In  addition  during  the  afternoon  of 
the  day  before  experiment  HV  \(  '  .  the  subjects  performed 
light  intensity  exercise  in  a  hot  (49  Cl  environment  to  dehy 
drale  by  5  of  their  baseline  body  weight.  Subjects  achieving  a 
weight  reduction  greater  Ilian  5  •  were  allowed  an  appropriale 
amounl  of  fruit  juices.  The  subjects  rested  during  the  night  in  a 
comfortable  environment.  The  following  morning  subjects 
were  weighed,  provided  with  water  if  sufficiently  underweight, 
instrumented,  and  instructed  lo  sil  c| u i e 1 1 y  for  50  min.  A  small 
i5  ml)  blond  sample  was  obtained  (venipuncture)  from  an  arm 
vein  for  subsequent  plasma  liei  latoerit.  hemoglobin,  total  pro 
lein.  and  osmolality  determination.  An  identical  procedure  for 
blood  sampling  was  also  carried  out  before  experiment  VV 
\(  (  . 

I'll ;  W.guuii  it!  umi  hinclwniical  mini  rviv  Heart  rates  were  deter¬ 
mined  from  electrocardiograms  obtained  with  bipolar  (C  M5) 
chest  eleclmtlfs  and  ratliolt  lemetered  to  an  oscilloscope-car- 
dintuehometer  unit  (  Hew  tell-  Packard  I  Oxygen  tiplake  moils- 
uiements  were  performed  with  an  automated  system  (Sen 
sormetlic  Horizon  MM(  l. 
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H K >i .ti  s.mipks  obtained  before  the  euhvdraied  i\\-  \(.  (  ) 
nd  !i\  pohv dialed  1 1 1 Y  A<  l  i  experiments  wen*  placed  in 
udV'  •.  om.tinmg  I  SP  units  of  lithium  heparin  bach  blood 
simple  was  aiMlv/ed  m  triplicate  lot  hemoglobin  1 1  lemogloh) 
nome'er.  Coulter  I  lectiomcsi.  hematocrit  umcro-centi  ifuua- 
t u > n  ! .  plasma  ptotem  itefraclomelrv.  American  Optical),  and 
osim>iaiit>  i(>smette  A.  Precision  S\stems». 

lollowing  aspiration,  the  \ulume  of  gastric  residue  was 
recorder!  and  an  aliquot  of  the  residue  stored  at  5  t  .  Before 
analws.  eastiu  residues  were  centrifuged  at  4  (  to  separate 
an\  mucous  within  the  residue.  A  1  ml  sample  of  the  superna¬ 
tant  was  then  placed  in  5  ml  of  a  water  boric  acid  buffer  1  he 
pH  of  the  buttered  residue  solution  was  «d|Usted  to  *).:  aiul 
the  optical  density  measured  spectrophoioinetricallv  at 
■'no  mi),  I’he  ratio  of  the  optical  density  of  the  residue  to  the 
optica!  density  of  the  original  drink  provided  quantification  as 
i « •  the  dilution  of  the  original  drink  bv  gastric  secretion 
;S^hedl  14/ifu.  In  addition,  the  volume  (rnlt  of  ingested  water 
emptied  into  the  intestine  t original  drink  emptied)  and  the  h!- 
l; me  of  stomach  secretion  added  to  the  residue  was  calculated. 
'  !.Kric  emptvmg  rate  was  estimated  h\  dividing  the  volume  of 
oiigmal  drink  emptie  1  bv  the  total  time  of  each  exercise  bout 
i  I'  mm).  1  he  percent  of  original  drink  emptied  was  deter¬ 
mined  bv  dividing  the  volume  of  original  drink  emptied  bv  the 
•.  •  1  •'*'  ...  ,tmr  ,  .Misiimeil  ■  4oo  ml » 

ytativnciu  <m</nv/v  Statistical  comparisons  were  made  using  a 
repeated  measures  analvsis  of  variance.  If  significant  main  ef¬ 
fect'  were  indicated,  lukev's  critical  difference  was  calculated 
to  locate  significant  differences  at  the  /*<'. <M»5.  All  data  are 
presented  as  mean  r  SI. 
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Jig.  I.  Rectal  temperature  (  (  )  values  (mean  t  Si  a  for  ex¬ 
periments  N-l  N  (IS  C.  un  acclimated  i.  H-l  N  (44  (  .  unac- 
climatedK  W-l  Y  #35  (  .  unacchmated).  W  \(  (  i55  (  .  accli¬ 
mated).  and  HA  AC  C  (35  C.  5  hvpoh\drated  and  accli¬ 
mated).  *  Significant! v  different  (l}<.  0.05i  from  all  other  ex 
perinients.  +  Signifieamls  different  from  experiments  VI  \ 
and  W  A<  C.  ^  Significant!)  different  from  N-l.  N.  VV-ACC 
and  W-l  \ 

the  second  exercise  bout,  greater  than  all  other  ex¬ 
periments. 

Table  I  presents  the  heart  rate  data  for  the 
three  exercise  bouts  during  each  experiment. 
Heart  rates  during  exercise  in  the  hot  environ¬ 
ment  (H-UN)  were  significantly  higher  than  all 
other  experiments  lor  bouts  !  and  2.  In  addition. 


Results 
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Rectal  temperatures  increased  significantly  dur¬ 
ing  exercise  for  all  experiments  (Fig.  I).  Exercise 
in  a  warm  environment  (35  C)  in  the  unaccli¬ 
mated  state  (VV-UN)  elicited  a  modest  rise  in  rec¬ 
tal  temperature  that  was  greater  than  experiments 
N-l  N  and  W-AC'C  during  the  second  and  third 
exercise  bouts.  The  rectal  temperature  responses 
in  the  warm  environment  (VV-ACC)  following 
heat  acclimation  were  not  different  from  re¬ 
sponses  observed  during  experiment  N-UN. 
When  subjects  were  hypohydrated  (HY-ACC). 
rectal  temperature  was  higher  than  experiments 
N-l  N  and  VV-ACC  b>  the  end  of  the  first  exercise 
bout  and  remained  elevated  over  experiments  N- 
(  V  W-l  N.  and  VV-ACC  during  the  final  two  ex¬ 
ercise  houtv  Two  subjects  were  forced  to  with¬ 
draw  from  the  hypohydration  experiment  (HY- 
A(  (  )  due  to  illness  resulting  in  an  N  ol  K  for  ex¬ 
periment  HY-ACC.  The  largest  increase  in  rectal 
temperature  occurred  during  experiment  fl-CN. 
Hy  the  end  of  the  first  exercise  bout,  rectal  tem¬ 
perature  during  H-l  N  was  higher  than  during  ex¬ 
periments  N-l  N.  VV-ACC  and  VV-UN  and.  during 


Table  t.  Heart  rate  during  exercise 
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the  Sth  and 

It'th  min  of  each 

1 5  min  tre 
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exercise 

session 

tor  experiments  N-t  \  (neutral  cm ironment.  i.s  (  t.  Il  l  \ 
(hot  environment.  40  (  preaeelunation).  W  I  N  (warm  envi¬ 
ronment.  Vs  (  preaeelimationt.  \V-.-\(  (  (warm  enx  ironment. 
Vs  (  post  aeetimalion).  and  HY-ACC  (5  hxpohxxirated. 
Vs  C.  post  a.elimation).  1  SigmIicumIx  (/’-  0 < >5 »  different 
I'rom  all  experiments  '  Signilieamlx  different  from  experi¬ 
ment  N-l  IV  ’  Significanllx  dillerent  front  experiment  N-l  N 
and  W-l  (N 
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I  able  2.  (  h.  irjcieristics  ot  iijsiru'  re- uIikn 
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01)1 
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■  Significantly  different  (/><.0.05i  from  experiment  N-l'N.  Significantly  different  from  experiments  N-l  N.  W  I  N.  and  W 
\(  ( 


heart  rates  during  experiment  HY-ACC  were 
greater  than  during  experiments  N-UN  and  W- 

1  N,  Fxercise  in  the  warm  environment  (experi¬ 
ments  W  I  N  and  W-ACC)  also  elicited  slightly 
greater  heart  rate  responses  as  compared  with  ex¬ 
periment  N-l'N. 

Following  7  days  of  heat  exposure,  final  rectal 
temperature  values  during  acclimation  sessions 
were  significantly  lowered  from  39.06 ±0. 16  C 
on  dav  I  to  3X. 19  +  0.1 1  C  on  day  7.  Final  exer¬ 
cise  FIR  values  were  significantly  decreased  from 
155  +  4  6  •  min  1  on  day  I  to  136  +  3  b  ■  min  1  on 
day  7.  Rectal  temperatures  and  UR  were  not  sig¬ 
nificantly  different  between  days  5,  6  and  7.  and, 
as  such,  heat  acclimation  was  accepted  as  being 
complete. 

Gastric  emptying:  acute  exercise  heal  stress.  Table 

2  presents  the  volumes  of  original  drink  emptied 
and  the  corresponding  average  gastric  emptying 
rates  during  experiments  N-UN,  FI-UN  and  W- 
UN.  The  volume  of  original  drink  emptied  aver¬ 
aged  3  1 5.3  ±2 1.3  ml  for  the  three  exercise  bouts 
during  experiment  N-UN,  corresponding  to  a 
mean  emptying  rate  of  2 1 .0 ±  1.4  ml  -  min  '.  In 
contrast,  the  volumes  of  original  drink  emptied 
wc.^  !:  ~  /<,'ring  experiment  ll-UN  as  compared 
with  N-UN  in  bout  i  and  experiments  N-UN  and 
W  I  N  in  bout  2,  corresponding  to  a  ga.t.ic 
emptying  rate  during  experiment  H-UN  of 
13.9  +  2.0  ml  •  min  '.  The  volume  of  original 
drink  emptied  during  experiment  H-UN,  ex¬ 


pressed  as  a  percentage  of  the  volume  ingested 
(400  ml),  averaged  only  52""  as  compared  with 
79""  during  experiment  N-UN.  The  gastric  emptv- 
ing  responses  during  experiment  W-IJN  were  in¬ 
termediate  to  experiments  N-UN  and  H-UN,  be¬ 
ing  less  than  experiment  N-UN  only  during  the 
second  exercise  bout  (Table  2). 

Gastric  emptying:  heat  acclimation  and  hypohydra¬ 
tion.  All  ten  subjects  achieved  the  prescribed  level 
of  hypohydration  before  experiment  HY-ACC. 
Table  3  gives  the  resting  values  of  blood  consti¬ 
tuents  when  the  subjects  were  euhydrated  and  5"" 
hypohydrated.  Values  for  hemoglobin,  hemato¬ 
crit,  osmolality  and  plasma  protein  were  greater 


Table  3.  Wood  consti  in  the  euhydrated  and  5 '  •  hypohy- 
druted  state 


Hydration 

Blood  parameter 

state 

Hh 

Met 

Osm 

i»i» 

g • 100  ml 

mosmol  1 

1  g •  100  ml 

1  uhvdramd 

14.7 

43.4 

2X0 

7.1 

1 0.3 

+  0.6 

±  l 

±0.1 

1 1\  poind  rated 

IPS' 

50.0* 

2X7* 

X.X* 

*  0.5 

i  1.7 

+  2 

±  0.3 

Values  are  mean  +SI.  (n  =  1(1)  lor  hemoglobin  (Hh).  hemato¬ 
crit  ( licit.  ..-'-’olalitv  (Osin)  and  plasma  protein  ( ('(’).  from 
blood  samples  obtained  30  min  betore  ca|iu  imCi.is  W-A(  (' 
icuhvdrated)  and  MX -ACC  (5"..  hypohydrated)  *  Significantly 
I /’ -  0.05 1  different  from  corresponding  euhydrated  value 
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Fig.  2.  Correlation  of  final  exercise  rectal  temperatures  (  (  ) 
recorded  during  the  1 0th  min  \s  the  corresponding  volume 
imli  of  original  drink  emptied  for  each  exercise  session 


before  experiment  HY-ACC  as  compared  with  W- 
ACC.  These  data  are  in  agreement  with  pre¬ 
vious!}  reported  changes  of  blood  constituents 
following  a  similar  dehydration  protocol  (Sawka 
et  al.  1984a). 

As  shovvn  in  Table  2,  heat  acclimation  did  not 
significant!}  influence  the  voiume  of  original 
drink  emptied  during  any  of  the  exercise  bouts, 
resulting  in  an  average  emptying  rate  of  18.9±  1.1 
mi  •  mm  1  and  20.4 ±1.1  ml  •  min  1  for  experi¬ 
ments  W-UN  and  W-ACC.  respectively.  In  con¬ 
trast.  the  volume  of  original  drink  emptied  during 
the  second  and  third  exercise  bout  of  experiment 
HY-.AC  C  was  reduced  as  compared  with  experi¬ 
ment  W-UN  and  W-ACC.  The  emptying  rate  dur¬ 
ing  the  final  two  bouts  of  exercise  of  experiment 
HY-ACC  averaged  1 5.5  ±1.9  ml  •  min  " This 
corresponds  to  an  average  58%  of  the  original 
drink  emptied  during  experiment  HY-ACC  as 
compared  with  an  average  81".,  for  the  final  two 
exercise  bouts  of  experiment  W-ACC. 

Table  2  also  presents  the  mean  values  for  the 
volume  of  fluids  added  by  the  stomach  (stomach 
secretions)  during  each  experiment.  Stomach  se¬ 
cretions  were  consistently  reduced  during  experi¬ 
ment  HY-ACC.  being  lower  than  all  experiments 
during  bout  I,  and  experiment  N-UN  during 
bouts  2  and  3. 

To  determine  the  relationship  between  gastric 
emptying  and  the  thermoregulatory  strain,  data 
from  all  experiments  was  pooled.  A  negative  cor¬ 
relation  (r=  —  0.76,  P< 0.01)  was  found  between 
the  final  exercise  rectal  temperature  and  the  cor- 
iespomj.::0  . olunie  of  original  drink  emptied  for 
each  exercise  bout  (Fig  2). 


Discussion 

This  study  demonstrates  that  gastric  emptying  is 
markedly  reduced  in  individuals  performing 
treadmill  exercise  in  a  hot  (49“C)  as  compared 
with  neutral  ( 18  C)  environment.  Moreover,  gast¬ 
ric  emptying  is  also  reduced  in  individuals  (heat 
acclimated)  performing  exercise  in  a  warm  (35  C) 
environment  when  hypohydrated  (  —  5° o  of  base¬ 
line  body  weight)  as  compared  with  euhydrated. 
The  process  of  fluid  replacement  is  a  function  of 
both  the  rate  at  which  gastric  contents  empty  from 
the  stomach  and  the  rate  at  which  fluids  are  ab¬ 
sorbed  from  the  small  intestine.  Our  results  sug¬ 
gest  that  the  first  step  (gastric  emptying)  in  this 
process  is  impaired  relative  to  the  thermoregula¬ 
tory  demand  of  an  exercise/ heat  stress  (Fig.  2). 

Previous  studies  have  reported  that  thermor¬ 
egulation  and  exercise  performance  can  be  main¬ 
tained  in  the  heat  when  individuals  ingest  water 
during  the  activity  (Costill  et  al.  1970:  Gisolfi  and 
Copping  1974:  Pitts  et  al.  1944).  Although  gastric- 
emptying  was  not  measured,  the  authors  (Costill 
et  al.  1970;  Gisolfi  and  Copping  1974;  Pitts  et  al. 
1944)  attributed  these  findings  to  the  effectiveness 
of  >he  ingested  water  in  minimizing  water  losses 
incurred  by  dehydration.  Despite  these  previous 
reports  regarding  the  overall  benefits  of  fluid  re¬ 
placement,  the  results  of  the  present  study  de¬ 
monstrate  that  gastric  emptying  rate  is  greatly  re¬ 
duced  when  exercise  is  performed  in  a  hot  (49  C) 
environment.  Owen  et  al.  (1986)  recently  reported 
a  marked  increase  in  the  volume  of  gastric  residue 
recovered  immediately  following  2  h  of  exercise 
in  the  heat  (35°  C)  as  compared  with  a  comforta¬ 
ble  environment  (25  'C).  In  the  present  study, 
however,  exercise  at  a  similar  ambient  tempera¬ 
ture  (35  C,  experiment  W-UN)  did  not  consis¬ 
tently  influence  the  gastric  emptying  rate  as  com¬ 
pared  with  exercise  in  the  neutral  environmental 
(18  C).  This  apparent  discrepancy  may  he  ex¬ 
plained  by  the  fact  that,  in  the  study  by  Owen  et 
al.  ( 1986).  relative  humidity  ranged  from  30%- 50% 
near  the  end  of  each  2h  exercise  (65%  F{).  ) 

bout.  In  the  present  study,  however,  relative  hu¬ 
midity  was  maintained  at  20%  and  exercise  inten¬ 
sity  at  50" n  F(), .  Consequently,  the  greater  ther¬ 
mal  strain  experienced  by  their  subjects  (86)  re¬ 
sulted  in  an  increase  in  rectal  temperature  from 
-  38.50  to  —39.50  C  during  the  final  hour  of  ex¬ 
ercise,  similar  to  the  responses  observed  in  our 
subjects  during  experiment  H-UN  (Fig.  I). 

The  mechanism  by  which  acute  heat  stress  im¬ 
pairs  gastric  emptying  rate  during  exercise  re¬ 
mains  open  to  speculation.  Exercise  in  'he  heat 
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may  exert  .i  direct  inhibitory  effect  on  t he  contrac¬ 
tile  activity  of  the  stomach.  Increased  intragastric 
prosure.  generated  by  contractions  of  the  proxi¬ 
mal  region  of  the  stomach,  is  believed  to  be  the 
primary  mechanism  for  emptying  of  liquids  (Mi- 
nami  and  Met  ,'allum  1984).  This  contractile  activ¬ 
ity  within  the  stomach  is  thought  to  be  controlled 
through  the  vagal  system  and  or  the  release  of 
various  gut  hormones,  both  of  which  inhibit  prox¬ 
imal  gastric  contractions.  Increased  activity  of 
either  of  these  mechanisms  during  acute  exercise 
heat  stress  would  thereby  limit  gastric  emptying, 
in  addition,  plasma  //-endorphins  have  also  been 
reported  to  delay  gastric  empty  ing  by  decreasing 
the  gastric  contraction  rate  (konturek  1 980 ). 
However,  it  should  be  noted  that  increases  in 
plasma  //-endorphins  are  generally  reported  to  oc¬ 
cur  after,  and  not  during  exercise  (Farrell  1985: 
Cloldfarb  et  al.  1987).  Another  possible  mecha¬ 
nism  for  the  observed  reductions  in  gastric  empty¬ 
ing  may  be  related  to  alterations  in  splanchnic 
blood  How.  Fxercise  in  the  heat  is  characterized, 
among  other  physiological  responses,  by  a  redis¬ 
tribution  of  cardiac  output  away  from  the 
splanchnic  region,  most  likely  due  to  increased 
sympathetic  nervous  activity  (Rowell  1983:  Row¬ 
ell  et  al.  1987).  A  reduction  of  splanchnic  blood 
(low  could  compromise  plasma  fluid  uptake  in 
the  intestine,  resulting  in  an  excess  intestinal  fluid 
volume,  thereby  causing  a  reduction  in  gastric 
emptying. 

In  contrast  to  our  hypothesis,  heat  acclimation 
was  not  accompanied  by  an  enhanced  gastric 
empty  ing  rate  in  experiment  W-ACC  as  compared 
with  W-UN  (Table  2).  However,  it  is  important  to 
note  that  gastric  emptying  during  exercise  in  the 
warm  environment  (35  C)  before  heat  acclima¬ 
tion  (experiment  W-UN)  was  not  different  from 
experiment  N-UN.  Thus,  the  relatively  mild  addi¬ 
tional  heat  strain  during  experiment  W-UN  was 
insufficient  in  eliciting  a  consistent  decrement  in 
the  gastric  emptying  rate.  It  is  possible  that  in 
conditions  where  heat  stress  is  sufficient  to  impair 
gastric  emptying  (compared  with  temperate  con¬ 
ditions).  heat  acclimation  may  attenuate  this  im¬ 
pairment. 

In  udditon  to  impairing  thermoregulation,  hy¬ 
pohydration  reduced  stomach  secretions  and  de¬ 
creased  gastric  emptying  rate  (Table  2).  Gastric 
secretion  is  primarily  regulated  by  both  neural 
i parasympathetic  innervation  to  the  stomach)  and 
hormonal  (gastrin)  mechanisms.  Thus,  a  reduc¬ 
tion  in  stimulation  of  either  mechanism  during 
experiment  HY-ACC  may  have  accounted  for  the 
reduced  stomach  secretions.  Alternatively,  reduc¬ 


tions  in  stomach  secretions  may  have  been  related 
to  the  hypohydration  mediated  increase  in  osmo¬ 
lality  and  the  associate  1  decrease  in  blood  volume 
(Table  3).  It  is  possible  that  such  a  response  re¬ 
sulted  in  a  defense  of  plasma  volume  concomitant 
with  a  reduced  blood  How  within  the  secretory 
cells  of  the  stomach,  thereby  decreasing  stomach 
secretions.  It  seems  likely  that  the  reduction  in 
gastric  emptying  observed  during  experiment  HY- 
ACC  was  a  function  of  the  thermal  strain  induced 
by  hypohydration  and  exercise  heat  stress.  As 
previously  discussed,  alterations  in  gastric  con¬ 
tractile  activity  and  or  splanchnic  blood  How 
may  have  accounted  for  this  reduced  gasuic 
emptying  rate. 

It  may  be  argued  that,  in  the  present  study,  the 
reductions  in  gastric  emptying  observed  during 
experiments  H-UN  and  HY-ACC  were  a  function 
of  the  relative  metabolic  cost  of  the  activity  .  Max¬ 
imal  oxygen  uptake  has  been  reported  to  decrease 
during  exercise  in  a  hot  (49  C)  environment 
(Savvka  et  al.  1985)  and  or  warm  environment 
when  hypohy dialed  (Craig  and  Cummings  1966: 
Savvka  et  al.  1984a).  Thus,  it  seems  likely  that  the 
subjects  in  the  present  study  were  working  at  a 
higher  relative  during  experiments  H- 

UN  and  HY-ACC.  However,  attempting  to  estab¬ 
lish  a  cause  and  effect  relationship  between  gast¬ 
ric  emptying  and  relative  "T',,  during  an  exer¬ 
cise  heat  stress  is  misleading.  The  reduction  in 
C().  during  exercise  in  the  heat  is  most  likely 
due  a  competition  between  central  and  peripheral 
circulation  for  a  limited  blood  volume,  resulting 
in  an  inability  to  maximally  increase  cardiac  out¬ 
put  (Savvka  et  al.  1984a).  The  physiological  mech¬ 
anism  responsible  for  the  increase  in  the  relative 
cost  of  submaximal  exercise  performed  in  the 
heat,  therefore,  is  probably  a  direct  result  of  the 
increased  thermal  strain.  Likewise,  it  seems  rea¬ 
sonable  to  assume  that  the  reductions  in  gastric 
emptying  were  primarily  meoiated  by  the  greater 
demand  upon  the  thermoregulatory  system  during 
experiments  H-UN  and  HY-ACC.  with  the  in¬ 
crease  in  "nf'o,  being  a  secondary  response.  In 
support  of  this  concept,  the  volumes  of  original 
drink  emptied  were  negatively  correlated  with  the 
corresponding  rectal  temperatures  obtained  during 
each  15  min  exercise  bout  (Fig.  3).  Thus,  it  ap¬ 
pears  that  gastric  emptying  rate  during  a  given  ex¬ 
ercise  is  dependent  upon  the  severity  of  the  ther¬ 
mal  strain  induced  by  an  individual's  hydration 
state  and  or  the  surrounding  environmental  con¬ 
ditions. 

With  this  in  mind,  our  results  emphasize  the 
need  to  ingest  fluids  during  industrial,  athletic 
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and  or  military  activities  before  the  development 
of  deity dration  and  high  core  temperatures.  Un¬ 
der  such  conditions  where  the  demand  upon  the 
thermoregulator}  system  is  increased  (experiment 
HY  U  (  I.  gastric  emptying  rate  decreases 
thereby  limiting  the  ingested  fluid's  effectiveness 
in  defending  plasma  volume  and  replacing  de¬ 
pleted  body  water  stores.  These  findings  are  con¬ 
sistent  with  Adolfs  ( I )  early  ideas  concerning 
forced  rehydration.  Thirst  is  known  to  be  a  poor 
index  of  body  water  requirements  such  that  ad  li¬ 
bitum  water  intake  during  exercise  in  the  heat  re¬ 
sults  in  an  incomplete  replacement  of  body  water 
losses  <  Adolf  1947:  Pitts  et  al.  1944).  In  addition, 
as  little  as  a  2'1-.  reduction  in  body  vveignt  induced 
by  dehydration  elevates  core  temperatures  during 
an  exercise  heat  stress  as  compared  with  euhv- 
dration  (Sawka  et  al.  1984a).  Thirst  (and  therefore 
voluntary  fluid  intake)  is  probably  not  perceived 
until  similar  levels  of  body  water  deficit  (2%)  have 
been  incurred  (Adolf  1947).  Further,  this  delay  in 
rehydration  (voluntary  dehydration)  is  greater  in 
individuals  when  unacclimated  to  exercise  in  the 
heat  (Fiehna  et  al.  1945;  Greenleaf  et  al.  1983). 
Thus,  individuals  experiencing  the  greatest  ther¬ 
moregulatory  strain  during  an  activity  will  often 
incur  the  largest  levels  of  voluntary  dehydration. 
Consequently,  gastric  emptying  rate  will  decrease 
and  fluid  gains  to  the  body  will  be  minimized.  There¬ 
fore,  forced  hydration  during  the  early  stages  of 
an  exercise  heat  stress  is  important,  not  only  to 
avoid  voluntary  dehydration,  but  to  maximize  the 
bioavailability  of  the  ingested  fluids. 
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